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ABSTRACT
M dwarf stars are high-priority targets for searches for Earth-size and potentially
Earth-like planets, but their planetary systems may form and evolve in very different
circumstellar environments than those of solar-type stars. To explore the evolution of
these systems, we obtained transit spectroscopy and photometry of the Neptune-size
planet orbiting the ≈650 Myr-old Hyades M dwarf K2-25. An analysis of the variation
in spectral line shape induced by the Doppler “shadow” of the planet indicate that the
planet’s orbit is closely aligned with the stellar equator (λ = −1.7+5.8−3.7 deg), and that
an eccentric orbit found by previous work could arise from perturbations by another
planet on a co-planar orbit. We detect no significant variation in the depth of the
He I line at 1083 nm during transit. A model of atmospheric escape as a isothermal
Parker wind with a solar composition show that this non-detection is not constraining
compared to escape rate predictions of ∼0.1 M⊕ Gyr−1; at such rates, at least several
Gyr are required for a Neptune-like planet to evolve into a rocky super-Earth.
Key words: planetary systems – planets and satellites: atmospheres – planets and
satellites: physical evolution – stars: activity – techniques: spectroscopic – Sun: UV
radiation
1 INTRODUCTION
M dwarfs are numerous hydrogen-burning stars with com-
paratively low masses, small radii, and low luminosities that
promote the detection of Earth-size and potentially Earth-
? E-mail: gaidos@hawaii.edu
like planets in compact circumstellar habitable zones. How-
ever, the formation and environments of planets on short-
period orbits around these stars could differ substantially
from those of true Earth analogs. M dwarfs more frequently
host compact multi-planet systems (Muirhead et al. 2015)
and host more close-in planets (Mulders et al. 2015), possibly
a consequence of differences in the structure and evolution of
© 2020 The Authors
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their circumstellar disks (Kastner et al. 2016; Gaidos 2017).
M dwarfs have elevated X-ray and UV emission (XUV) rel-
ative to their bolometric (total) luminosities, and exhibit a
different evolution in the rotation and magnetic activity re-
sponsible for this emission (Matt et al. 2015). M dwarf stars
have prolonged pre-main sequence phases compared to their
solar-mass counterparts. Such differences could drive plan-
ets and their atmospheres on divergent evolutionary path-
ways as a result of the runaway greenhouse effect (Luger &
Barnes 2015), photo-dissociation of molecules (Tian et al.
2014), and escape of primordial H/He atmospheres to space
(Owen 2019).
The evolution of planets can be investigated by ob-
servations of systems in nearby young stellar clusters and
co-moving groups. For transiting planets it is possible to
make unambiguous radius and mass estimates to determine
bulk density and constrain composition, to measure the at-
mosphere via transmission spectroscopy, and to constrain
the orbit via measurements of the duration and times of
transit as well as the spin-orbit obliquity via the Rossiter-
McLaughlin effect (Triaud 2017).
2MASS J04130560+1514520 is a member of the ≈650
Myr-old Hyades cluster which hosts a Neptune-size planet
on a 3.45 day transiting orbit. The planet was discovered in
K2 data (Mann et al. 2016) and designated K2-25b. Along
with the K2-126 system (Mann et al. 2018), it stands because
of its young age and proximity (≈50 pc). Thao et al. (2020)
compared the transit depth as measured with Spitzer 4.5
µm observations to that measured with K2 data (∼ 0.8µm)
to rule out a solar-composition, H-rich atmosphere. Precise
measurement of the transit duration, combined with a Gaia-
improved estimates of stellar properties estimation, indicates
an orbital eccentricity e > 0.2, suggestive of perturbation by
a companion planet or star. An interaction like the Kozai-
Lidov resonance would also have left the planet on a highly-
inclined orbit. The host star is rapidly rotating (1.88-day
period) and has significant rotational variability indicative
of star spots, and thus magnetic activity. K2-25b’s proximity
to the star (0.035 au) thus makes its atmosphere vulnerable
to XUV-driven escape.
To further constrain the orbit and search for atmo-
spheric escape from K2-25b, we made spectroscopic and pho-
tometric observations of a transit on UT 13 October 2019
to obtain information on the change in line shape due to the
Rossiter-McLaughlin effect (”Doppler tomography”) and ab-
sorption in the 1083 nm line of metastable “triplet” (ortho)
He I (Oklopcˇic´ & Hirata 2018). We also use HST obser-
vations of an earlier transit (Rockcliffe et al., in prep.) to
constrain the UV emission from the star.
2 OBSERVATIONS AND DATA REDUCTION
Infrared spectroscopy: Seventy-seven spectra of K2-25 were
obtained with the IRD infrared echelle spectrograph
(Tamura et al. 2012; Kotani et al. 2018) on the Subaru tele-
scope on Maunakea over a 430-day interval beginning 17
August 2018. IRD covers 970-1730 nm with λ/∆λ ≈ 70, 000.
Twenty-nine spectra were obtained over a 100-min interval,
including the 40 min-long transit of K2-25b, on the night
of UT 13 October 2019. Four and 15 spectra were obtained
during the previous and following nights, respectively. In-
tegration times were 5−min during and near the transit,
and 10 min otherwise. Using the IRAF echelle package (Tody
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Figure 1. Top: r-band lightcurve of K2-25 from LCOGT McDon-
ald (ELP) and Haleakala (OGG) 0.4-m telescopes. The red curve
is a PyTransit model (Parviainen 2015) using the parameters of
Thao et al. (2020).
1986) and custom software, we extracted one-dimensional
spectra after flat-fielding and scattered light subtraction.
Wavelengths were calibrated using the comparison spectra
of the Th-Ar lamp taken during the run. Typical signal-to-
noise (S/N) ratios at 1000 nm were 20 − 25 and 25 − 35 per
pixel for 300- and 600-sec integrations, respectively.
Photometry: Continuous imaging of K2-25 was obtained
for 14.5 hours starting 12 hours before transit with the
LCOGT 0.4-meter telescopes and SBIG CCD detectors at
the Tenerife (TFN) and McDonald Observatory (ELP) sites.
Each 300-second integration was made through a Sloan r’ fil-
ter. Images were automatically processed using the BANZAI
pipeline (McCully et al. 2018). To remove atmospheric ef-
fects, a reference lightcurve was constructed using a set of
130 stars that were iteratively selected for low variability
with respect to an aggregate mean. TFN data are of low
photometric quality due to weather and are not presented
here.
UV spectroscopy: We observed K2-25 with HST and the
Space Telescope Imaging Spectrometer (STIS, Riley 2017)
during visits on 23 March and 31 October 2017. During each
visit, 8 integrations were obtained with the G140M grat-
ing and the far-ultraviolet multi-anode micro-channel array
(FUV-MAMA) in TIME-TAG mode. Four of the 16 integra-
tions were 1993 sec and the remainder were 2054 sec, span-
ning the observable window of the HST orbit. These data
were reduced using the CALSTSIS pipeline. The background,
dominated by geocoronal emission at 1215A˚, is negligible for
the wavelength range of concern here. The fluxes in the N V
doublet (1238.821 and 1242.804A˚) were calculated for each
exposure using Eqn. 1 from France et al. (2018). The second
visit suffered a large wavelength offset and required a correc-
tion of +0.3A˚. Examination of the N V lightcurves identified
one integration potentially contaminated by a flare during
each visit and these were excluded from further analysis.
The spectral continuum was estimated by calculating the
mean flux in 1A˚ bins on either side of each line and linearly
interpolating. Fluxes between the two visits did not signif-
icantly differ and the total N V line flux averaged over the
two visits is 2.8 ± 0.3 × 10−16 ergs sec−1 cm−2.
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3 ANALYSIS AND RESULTS
3.1 Rossiter-McLaughlin effect and
Doppler-shadow analysis
Our LCOGT observations confirm that the transit occurred
approximately as predicted by the ephemeris of Thao et al.
(2020) (Fig. 1). The transit appears 6 min earlier than pre-
dicted (±1 min) and significantly deeper, most likely due to
systematics in the photometry. To measure the spin-orbit
obliquity, we analyzed the mean line profiles in IRD spectra
obtained during the transit. Following Hirano et al. (2020b),
we computed the cross-correlation function (CCF) between
each spectrum and a telluric-free template spectrum of the
M4 dwarf GJ 699 (Hirano et al. under review). Before com-
puting CCFs, we divided each spectrum by the normalised
spectrum of a telluric standard star obtained on the same
night. To make a high S/N CCF for K2-25, we combined
the normalised CCFs after correcting for the barycentric
motion of Earth. This mean “out-of-transit” CCF was then
subtracted from individual normalised CCFs to visualise the
instantaneous variation of the line profile.
The left panel of Fig. 2 plots the residual CCFs vs.
time. The loss of the spectral contribution from the part
of the stellar disk occulted by the planet should appear as
a moving feature (blue band) during the transit (between
the horizontal dotted lines), but is not apparent due to low
S/N. To estimate the projected obliquity λ we compared
the observed residual CCFs to a model based on mock IRD
spectra with different values of the stellar rotation velocity
v sin i (4-11 km s−1) and planet position on the stellar disk
(see Hirano et al. (2020b) for more details). We fit these
models to the observed residual CCF map with a Markov
Chain Monte Carlo (MCMC) analysis without a prior on
v sin i. However, this MCMC fit did not converge in v sin i,
most likely due to low S/N in the CCF around the transit.
We thus imposed a prior on v sin i based on the observed
mean CCF. A comparison between the observed and model
CCFs gave v sin i = 7.71±0.29 km s−1, which agrees with that
derived by Mann et al. (2016). Using this value as a Gaussian
prior, we refit the observed residual CCFs by MCMC. In the
analysis, we also allowed the scaled semi-major axis (a/R∗),
impact parameter b, and mid-transit time Tc to vary with
Gaussian priors based on the values in Thao et al. (2020).
Our MCMC fit yielded an obliquity of λ = −1.7+5.8−3.7 deg,
consistent with spin-orbit alignment. The middle panel of
Fig.2 shows the best-fit theoretical model for the observed
CCF map. To validate this detection, we confirmed that the
depth of the feature is consistent with predictions, Doppler-
shifting each residual CCF frame during the transit so that
the shifted CCF has the expected peak at the systemic RV in
Fig.2, and averaging the shifted CCFs. The red solid line in
the upper panel of Fig.3 plots the combined residual CCF
during the transit; the observed peak height is consistent
with that of the combined theoretical CCF derived from the
same spectra. For comparison, the blue dashed line in the
same panel shows the combined out-of-transit CCFs using
the same number of closest frames to the transit. The ob-
served peak height of the combined in-transit CCF is 5 − 6
times higher than the scatter of the combined out-of-transit
CCF (≈ 0.000054).
As a further test, we checked if the combined in-transit
CCF also has the highest peak near λ = 0 degrees. To do so,
we combined the in-transit residual CCFs, each Doppler-
shifted based on a set of (λ, v sin i) values, and fitted the
resulting mean in-transit CCFs by a Gaussian. For each set
of (λ, v sin i) values we recorded the Gaussian height and
generated its contour map. The lower panel of Fig.3 show
that the highest CCF peak (> 0.0003) fall in the range −21 .
λ . +1 deg, in agreement with λ = −1.7+5.8−3.7 deg from the
direct MCMC fitting above, while the CCF height has a
very weak dependence on v sin i within the simulated range.
3.2 1083 nm He I line
A prominent telluric OH line interfered with the stronger
unresolved doublet (1083.025 and 1083.034 nm) in the stel-
lar line of He I in IRD spectra obtained in August 2018
and October 2019, including during the transit. The same
line interfered with the weaker singlet (1082.909 nm) line
in spectra obtained during January-March 2019, and for
consistency we excluded those data from further analysis.
We estimated non-transit related variability due to rotation
and evolution of active regions on the star using the weaker
line. Because the SNR of individual measurements is lim-
ited, we determined a best-fit Voigt profile based on a sum
of all spectra shifted into the rest-frame of the star. This
profile was then fit to individual spectra to estimate the
equivalent width (EW). We equated the measurement un-
certainty with the intra-night variability (20 mA˚.) Assuming
Gaussian-distributed errors, the mean in the 2018 and 2019
intervals are 63 ± 4 and 100 ± 4 mA˚; the difference indicates
long-term variation in the stellar line.
To search for an escaping atmosphere, IRD spectra of
K2-25 obtained during the transit (8 spectra) and outside
transit but on the same night (21 spectra) were co-added.
The two combined spectra are shown in the top panel of Fig.
4, and the difference spectrum (in/out minus one) is plotted
in the bottom panel, along with the difference between spec-
tra obtained before and after the transit as a comparison.
No transit-associated absorption is apparent. We calculated
a χ2 between the in/out difference spectrum and a Voigt pro-
file of the line assuming a gas temperature of 10000K (see
below), and established a 99% confidence limit of 17 mA˚ on
the transit-associated EW over a wavelength range covering
the weak singlet line and the uncontaminated blue half of
the doublet; this limit is represented by the magenta line in
the bottom panel of Fig. 4. We also examined the Paschen β
line at 1.282 µm, an important indicator of accretion around
young stellar objects (e.g., Yasui et al. 2019) in the same
fashion, but we saw no significant difference between the
spectra inside and outside of transit.
We converted this EW limit into a limit on atmospheric
escape using a model of a spherical, isothermal Parker wind
with a solar-like composition (H/He = 10.5) and photo-
chemistry as described in Oklopcˇic´ & Hirata (2018) and
Gaidos et al. (2020). Densities in such winds are low and
the metastable triplet (23S) state of the He I transition is
primarily populated by recombination of He ionized by ex-
treme ultraviolet (EUV) photons with energies > 26.4 eV
(λ < 504A˚) and primarily depopulated by ionizing near ul-
traviolet (NUV) photons with energies > 4.8 eV A˚ (λ < 2583,
Oklopcˇic´ & Hirata 2018). For this reason, interpretation of
our observations requires knowledge of the stellar UV irra-
diation of the planet. Prior to our HST observations, no
MNRAS 000, 1–6 (2020)
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Figure 2. Residual CCF maps based on IRD spectra of K2-25 obtained during a transit of “b” on UT 13 October 2019. The left and
middle panels are the observed residual CCF and best-fit model, respectively. The right panel is the residual map after subtracting the
best-fit model. The vertical dashed line marks the centre of the mean CCF (≈ 39 km s−1) at the systemic radial velocity (RV) of K2-25,
and the horizontal dotted lines indicate transit ingress and egress.
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Figure 3. Top: Average residual CCFs during (red) and outside
(blue) the transit of K2-25b. The same number of spectra were
used in each profile. The black dotted line is the best-fit model.
Bottom: Grey scale map of the peak height of the combined in-
transit CCF for different sets of λ and v sin i. The solid (red) and
dashed (cyan) horizontal lines are the equatorial rotation velocity
estimated from Prot and v sin i from our spectroscopy, respectively.
UV spectrum of K2-25 was available, nor was K2-25 de-
tected in either X-rays or UV. To best reproduce both the
overall spectral energy distribution of K2-25 and detailed
spectral features important to photoionization calculations,
we adopted a composite spectrum of the weakly active M3
dwarf GJ 674 produced for the Mega-MUSCLES survey
(Froning et al. 2019) and scaled the flux densities in different
wavelength ranges to match expected values. The full SED
of GJ 674 was created by combining: (a) spectra spanning
1070 – 5700 A˚ obtained with 9 orbits of observations with
HST and the Cosmic Origins Spectrograph with the G130M
and G230L gratings and STIS with the G140M, G140L,
G230L, and G430L gratings; (b) X-ray spectra obtained
with a ≈15 ksec XMM-Newton integration; and (c) BT-Settl
PHOENIX stellar photosphere models (Allard et al. 2012).
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Figure 4. Top: Spectra of K2-25 in the vicinity of the He I line
inside and outside of the transit of “b”. Wavelengths are in air, in
the rest frame of the star. The grey zone contains a strong telluric
OH line. Bottom: The difference spectrum, compared to a model
spectrum of a line with a partial (blueward) EW of 17 mA˚, the
99% confidence detection limit.
EUV flux densities were estimated using the solar active re-
gion scaling relations of Linsky et al. (2014). The Lyman α
line profile was reconstructed from the STIS G140M spectra
via the techniques detailed in Youngblood et al. (2016).
We adjusted the GJ 674 spectrum using estimates of the
high-energy emission from K2-25 based partly on its rotation
and partly on our HST observations of FUV line emission
(Sec. 2). We used an activity-rotation relation formulated in
terms of the Rossby number Ro = PROT/τ, where PROT is
the rotation period (1.88 days) and the convective turnover
time τ for the mass (0.26M , Thao et al. 2020), metallicity
([Fe/H] = +0.15), and age (650 Myr Mart´ın et al. 2018) of
K2-25 was estimated using the standard and magnetic Dart-
mouth stellar evolution models to be 54 and 59 days, respec-
tively (Feiden 2016). This yields Ro = 0.032 − 0.035, placing
it on the “saturated” part of the rotation-activity relation
with an expected log Lx/Lbol = −3.05 ± 0.18 (Wright et al.
2018). The corresponding luminosities for “saturated” stars
in the GALEX far ultraviolet (FUV, 1350-1750A˚) and near
MNRAS 000, 1–6 (2020)
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Table 1. Irradiation of K2-25b
regime λλ flux at K2-25b source
A˚ 103 ergs s−1 cm−2 TW = This Work
bolom. — 8900 ± 300 Thao et al. (2020)
NUV 1750-2800 4.4 ± 1.5 TW+Ansdell et al. (2015)
FUV 1350-1750 1.3 ± 0.6 TW+Ansdell et al. (2015)
Ly α 1180-1250 5.4 ± 7.0 TW+Linsky et al. (2013)
EUV 90-360 1.6 ± 0.8 TW+France et al. (2018)
EUV 360-912 2.2 ± 2.1 Linsky et al. (2014)
X-ray 5-120 7.9 ± 3.4 TW+Wright et al. (2018)
ultraviolet (NUV, 1750-2800A˚) channels are about 3 × 1028
ergs sec−1 and 9×1028 ergs sec−1, respectively (Ansdell et al.
2015). We estimated the emission in the Lyman α line using
the relation with X-rays of Linsky et al. (2013). We esti-
mated the EUV emission in the 90-360A˚ range using the
flux in the N V line estimated in Sec. 2 and the FUV-EUV
relations described by France et al. (2018). Lastly, we es-
timated fluxes at 360-912 A˚ in 40 or 100A˚ intervals using
the Lyman α flux estimated above and the relations of Lin-
sky et al. (2014). Table 1 lists the estimated irradiance of
K2-25b in the different wavelength regimes, using the stellar
parameters of Thao et al. (2020).
Densities of neutral and ionized H, singlet and triplet
neutral He, ionized He, and electrons are tracked. Line pro-
files are calculated by integrating from the projected radius
of the planet to the Roche radius, accounting for finite opti-
cal depth, intrinsic and thermal broadening, and the resolu-
tion of the instrument. The mass of K2-25b is not yet deter-
mined so we adopted a planet mass Mp = 9.7 M⊕ based on
its radius of 3.49 R⊕ (Thao et al. 2020) and the mass-radius
relation of Bashi et al. (2017). Figure 5 shows the predicted
EW of the single line plus the uncontaminated blue half of
the doublet as a function of mass loss rate and wind tem-
perature.
We estimated the energy-limited escape rate by combin-
ing the X-ray and photoionizing EUV (< 912A˚) irradiances
in Table 1 as FXUV in (Watson et al. 1981; Erkaev et al.
2007):
ÛMEL =
ηpiFXUVR3XUV
KGMp
, (1)
where η ∼ 10% is an efficiency factor (Shematovich et al.
2014), RXUV, the effective radius at the level of the atmo-
sphere which the XUV radiation is absorbed and from which
escape occurs (here taken to be ≈ Rp), G is the gravitational
constant, K is a correction factor ≈ 1 that accounts for a
finite Roche radius (Erkaev et al. 2007). We also estimated
the escape rate using the empirical relations of Kubyshkina
et al. (2018) based on the results of hydrodynamic simula-
tions. Lyman α photons do not ionize H and He but are res-
onantly scattered by H I and their energy can be absorbed
via ionization of, e.g., oxygen (Kockarts 2002). We there-
fore made separate estimates with and without the Lyman
α contribution. These are all of order 0.1 M⊕ Gyr−1 ( Fig.
5.) Our model shows that, due to the comparatively low
EUV emission from small mid-type M type dwarfs such as
K2-25, detection of the He I absorption that accompanies
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Figure 5. Contours of predicted EW (in mA˚) of the 1083 nm
triplet He I line vs. escape rate in M⊕ Gyr−1 (≈ 2 × 1012 g sec−1)
and wind temperature. Only the weak single line and blue half
of the doublet are included. The grey zones are excluded at 90%
and 99% confidence by upper limits of 14.5 and 17 mA˚. The red
dotted and blue dashed lines are predictions using Eqn. 1 and
the relations of Kubyshkina et al. (2018), respectively, with the
heavy and light version using XUV irradiances with and without
the Lyman α contribution, respectively.
expected atmospheric escape rates is challenging (Fig. 5, see
also Oklopcˇic´ 2019). Since elevated EUV drives both H/He
escape and triplet He I production, detection of escape is
more practical in younger systems where the central star is
more rapidly rotating and magnetically active (e.g., Hirano
et al. 2020a).
In summary, we find that the orbit of K2-25b is closely
aligned with stellar spin, and the consistency between the
v sin i derived here and that from the rotation period plus
R∗ (Veq = 7.90 ± 0.26 km s−1) means that the stellar in-
clination is near 90 deg. This geometry suggests that the
orbital eccentricity of K2-25b arose from a perturber in the
orbital plane, e.g. an undetected planet on an outer orbit, or
that the ratio of obliquity damping to orbit circularization
timescales ∼ Q′∗/Q′p
(
M∗/Mp
)2
is < 1, contrary to theoretical
expectation (Matsumura et al. 2008; Li & Winn 2016). Our
He I line observations do not usefully constrain atmospheric
escape from K2-25b; but at the rates predicted using our
estimates of XUV irradiation, the planet could lose ∼5% by
mass of H/He over several few Gyr, enough for a transition
from a “Neptune” to a “super-Earth”.
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